Zhang G, Cai D. Circadian intervention of obesity development via resting-stage feeding manipulation or oxytocin treatment. Am J Physiol Endocrinol Metab 301: E1004 -E1012, 2011. First published August 9, 2011; doi:10.1152/ajpendo.00196.2011.-The obesity pandemic can be viewed as a result of an imbalanced reaction to changing environmental factors. Recent research has linked circadian arrhythmicity to obesity and related diseases; however, the underlying mechanisms are still unclear. In this study, we found that high-fat diet (HFD) feeding strikingly promoted daytime rather than nighttime caloric intake in mice, leading to feeding circadian arrhythmicity. Using scheduled feeding with a defined amount of daily HFD intake, we found that an increase in the ratio of daytime to nighttime feeding promoted weight gain, whereas a decrease of this ratio rebalanced energy expenditure to counteract obesity. In identifying the underlying mechanism, we found that hypothalamic release of anorexigenic neuropeptide oxytocin displayed a diurnal rhythm of daytime rise and nighttime decline, which negatively correlated with the diurnal feeding activities of normal chow-fed mice. In contrast, chronic HFD feeding abrogated oxytocin diurnal rhythmicity, primarily by suppressing daytime oxytocin rise. Using pharmacological experiments with hypothalamic injection of oxytocin or oxytocin antagonist, we showed that daytime manipulation of oxytocin can change feeding circadian patterns to reprogram energy expenditure, leading to attenuation or induction of obesity independently of 24-h caloric intake. Also importantly, we found that peripheral injection of oxytocin activated hypothalamic oxytocin neurons to release oxytocin, and exerted metabolic effects similar to central oxytocin injection, thus offering a practical clinical avenue to use oxytocin in obesity control. In conclusion, resting-stage oxytocin release and feeding activity represent a critical circadian mechanism and therapeutic target for obesity.
eral metabolic tissues (2, 53, 54) . A recent study revealed that knockout of the Clock gene led to the prominent metabolic dysregulations, including overeating, obesity, and glucose intolerance (50) . In the same direction, it was recently found that mice fed on a high-fat diet (HFD) displayed altered diurnal activities (26) . However, despite these emerging observations, it remains unclear how hypothalamic neuropeptide(s) are involved in the circadian control of feeding, energy expenditure, and body weight balance and, moreover, if a brain target for obesity intervention could be developed.
Physiological functions of the hypothalamus are ultimately directed by hypothalamic neuropeptides and neurotransmitters. Indeed, neuropeptide and neurotransmitter pathways in the hypothalamic control of metabolic physiology have been depicted significantly. An important example is the hypothalamic melanocortin system (9, 17, 37, 44, 57) in which neuropeptides, including ␣-melanocyte-stimulating hormone, agoutirelated peptide, and neuropeptide Y, are released by the arcuate neurons to act on melanocortin 4 receptor (MC4R)-expressing neurons in the paraventricular nucleus (PVN). Notably, one group of MC4R-exprssing neurons in the PVN are oxytocin (OXT) neurons, so named because they release neuropeptide OXT (28, 47) . Our recent study has revealed that the central action of OXT in the brain is critical for feeding and body weight balance, and dysfunction of OXT neurons can direct obesity development (56) . Here it should be pointed out that the PVN receives afferent projections from both the arcuate nucleus, which is the first-order metabolic regulator (3, 11, 18) , and the suprachiasmatic nucleus, which is the circadian pacemaker (23, 49) . However, it remains unexplored whether and how neuropeptide(s) released by PVN neurons might coordinate the circadian and metabolic systems to control whole body metabolic physiology and disease. In this work, we focused on PVN neurons and discovered that OXT critically integrates circadian and metabolic controls of feeding. Our study provides a new mechanistic understanding for body weight control and obesity development.
MATERIALS AND METHODS
Animals and metabolic and biochemical profiling. Adult male C57 BL/6 mice were obtained from the Jackson Laboratory. Mice were housed under the diurnal cycle of 12 h light (resting stage) and 12 h darkness (active stage) in standard conditions with free access to food and water. HFD feeding was initiated when mice were 10 -12 wk old for the indicated periods by individual experiments. Age-matched mice maintained under chow feeding were used as dietary controls. Food intake of mice was recorded for the indicated diurnal periods on a daily basis. On each day at the same time, a laboratory technician supplied individually housed mice with a preweighed amount of food, and, at the same time on the following day, the food left over in each cage was weighed. Extra attention was paid to collecting food left over both on the cage frame as well as all visible food left in the bedding of each cage. New clean cages were used on a daily basis for each mouse. Body weight was measured at least two times a week. Oxygen consumption was measured using an open-circuit indirect calorimetry system (Columbus Instruments) and normalized by lean body mass, which was determined by magnetic resonance imaging (MRI). The calorimetry system also measured physical activities of mice based on the infrared beam interruptions in both horizontal and vertical directions. Glucose tolerance test was performed in overnightfasted mice by intraperitoneal injection of glucose (2 g/kg body wt) and subsequent monitoring of tail vein glucose levels via a Glucometer (Bayer, Elkhart, IN) at the indicated time points. Serum OXT levels were measured using the Oxytocin EIA kit (Assay Design). HFD was purchased from Research Diets. All procedures were approved by the Institutional Animal Care and Use Committee at Albert Einstein College of Medicine.
Scheduled feeding. A defined amount of food was provided to individually housed mice immediately after the light was turned on or right before the light was turned off and maintained for 12 h daytime vs. nighttime. Two schemes of scheduled HFD feeding were simultaneously performed: 0.48 g for 12 h daytime and 1.92 g for 12 h nighttime; and 0.8 g for 12 h daytime and 1.6 g for 12 h nighttime. At the same time, matched mice under ad libitum HFD or chow feeding were included as positive and negative controls, respectively. The total, 24-h amount of HFD in the schedule feeding was 2.4 g, slightly lower than the amount of ad libitum HFD feeding, to ensure complete consumption of the designed HFD amount for the light vs. dark cycle. New clean cages were used every 12-h diurnal cycle so that food that mice had was accurate for both daytime and nighttime periods. Any mouse that did not consume all supplied food for Ͼ5% of experimental days were excluded from the final analysis.
Third-ventricle cannulation and pharmacological treatments. As described previously (56, 57) , we used a stereotaxic apparatus (David Kopf Instruments) to place a guide cannula in the third ventricle of anesthetized mice at the midline coordinates of 1.8 mm posterior to the bregma and 5.0 mm below the skull surface of bregma. Mice were allowed 2 wk for recovery and then verified for the success of surgery using the ANG II-induced drink response. The injection of OXT or OXT receptor antagonist [D-(CH2)5,Tyr(Me)2,Orn8]vasotocin (OVT) was performed at the beginning of daytime vs. nighttime. For the third-ventricle injection, individually housed mice were injected with 1 g OXT (Bachem California) or 4 g OVT (Bachem California) over the period of 5 min. Artificial cerebrospinal fluid was used as vehicle control. To evaluate the potential anti-obesity effect of OXT via peripheral administration (7, 8, 31, 33, 43) , which was shown to partially penetrate across the blood-brain barrier in the literature (7, 8, 31, 33, 41, 43) , mice with HFD-induced obesity received daily intraperitoneal OXT injection at the beginning of daytime using the dose (1 mg/kg) established in the literature. Similarly, to evaluate the potential obesogenic effect of blocking systemic OXT, normal chowfed mice received daily intraperitoneal injection of OVT at the same dose (1 mg/kg). Body weight-matched mice with intraperitoneal injection of saline were used as controls.
Ex vivo OXT release assay. A detailed protocol has been described previously (56) . Briefly, PVN slices were dissected from the hypothalamus and incubated in the Locke solution supplied with 95% O 2 and 5% CO2 at 37°C. Locke solution was changed every 5 min for 10 times. The 10th balancing solution was collected for the measurement Fig. 1 . Feeding circadian rhythm affects body weight independently of caloric intake. A: longitudinal monitoring of daytime (D) vs. nighttime (N) caloric intake in C57BL/6 mice fed normal chow vs. a high-fat diet (HFD) starting at an adult age (ϳ10 wk old). The data at each time point represent the average daily food intake of each mouse during the week and then averaged per group. B-G: starting at an adult age (ϳ10 wk), subgroups of male C57BL/6 mice received HFD (H) feeding with daytime restriction (DR) vs. nighttime restriction (NR), whereas the 24-h HFD intake was controlled at the same level. Age-matched male mice under ad libitum (AL) chow (C) feeding or HFD feeding were used as negative and positive controls, respectively. B-D: average daytime (B, left) vs. nighttime (B, right) caloric intake, average total daily caloric intake (C, left), the diurnal ratio (daytime caloric intake divided by nighttime caloric intake) (C, right), and longitudinal follow-up of body weight (D) during the 8-wk intervention period. E-G: mice were measured for oxygen consumption (E) and physical activities (F) by metabolic chambers and lean vs. fat mass composition by magnetic resonance imaging (MRI, G) at 3-4 wk following scheduled feeding. Data on oxygen consumption shown in E were corrected based on the lean mass of mice. A-G: *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 10 of basal OXT release. The tissues were subsequently incubated in Locke solution containing 70 mM KCl for 5 min. The solution was collected and measured for the depolarization (KCl)-stimulated OXT release. An OXT EIA kit (Assay Design) was used to determine OXT concentrations in the solution. To evaluate the effect of intraperitoneal OXT injection on hypothalamic OXT release, the PVN slices were prepared at 30 min following intraperitoneal OXT injection and analyzed using the protocol above.
Immunofluorescence. Chow-fed mice were injected OXT or saline intraperitoneally, and, at 30 min postinjection, mice were anesthetized and intracardially perfused with 4% paraformaldehyde (PFA). Brains were then dissected, further fixed in 4% PFA for 4 h, and sequentially incubated in 20 and 30% sucrose. Brains were sectioned under a cryostat at 20-m thickness, and sections were rinsed, blocked, and incubated with guinea pig antibody against OXT (Bachem California), rabbit antibody against c-Fos (Santa Cruz Biotechnology), or monoclonal antibody against HuC/D (Invitrogen) overnight at 4°C. After subsequent reaction with Alexa fluor 488, 555, or 633 secondary antibodies (Invitrogen), sections were mounted with DAPI-containing Vectashield medium. Image acquisitions were performed using a confocal microscope.
Statistical analysis. Data are presented as means Ϯ SE. ANOVA and post hoc Bonferroni test were performed for data involving more than two groups, and Student's t-test was used for data that involved only two groups. P Ͻ 0.05 was considered significant.
RESULTS

Feeding circadian rhythm affects body weight independently of caloric intake.
Total 24-h caloric intake is obviously relevant to body weight and obesity, but the effect of circadian rhythm on 24-h caloric intake has received little attention. In mice maintained on a standard chow diet, we confirmed that a normal range of body weight was supported by a steady-state caloric intake ratio of 0.2 Ϯ 0.05 between the daytime (resting) stage and the nighttime (active) stage. In contrast, in mice with HFD-induced obesity, we observed a striking and coursedependent increase in the daytime-to-nighttime caloric intake ratio (Fig. 1A) . However, the nighttime caloric intake between HFD-fed and chow-fed mice differed only modestly, and the progressive increase of daytime caloric intake primarily accounts for the altered diurnal rhythm of caloric intake in HFD-fed mice (Fig. 1A) . To examine the significance of feeding circadian rhythm in obesity, we performed scheduled HFD feeding to artificially manipulate the diurnal ratio of caloric intake based on a fixed amount of 24-h calorie intake. Over a 2-mo experimental period, two groups of mice consumed the same daily amount of calories, which is 14% higher than ad libitum chow feeding and 11% lower than ad libitum HFD feeding, but with a different daytime-to-nighttime ratio of calorie intake at 0.50 and 0.25 (defined as the daytime caloric intake divided by nighttime caloric intake), respectively ( Fig. 1 , B and C). We found that, despite the equal amount of 24-h caloric intake, mice with a normal daytimeto-nighttime ratio of calorie intake were resistant to obesity development, whereas mice with an elevated daytime-to-nighttime ratio of calorie intake were susceptible to obesity development (Fig. 1D) . To understand the underlying metabolic physiology, we profiled energy expenditure levels of these mice using metabolic chambers. We found that a normal daytime-to-nighttime ratio of calorie intake is associated with elevated energy expenditure levels during both daytime and nighttime periods (Fig. 1E) ; however, the physical activities were not affected significantly (Fig. 1F) . MRI analysis further confirmed that mice with a normal ratio of daytime to nighttime caloric intake were protected from fat mass expansion following the first 3ϳ4 wk of HFD feeding (Fig. 1G) . Thus, the diurnal pattern of caloric intake is critical for body weight homeostasis, and this process can be dissociated from total 24-h caloric intake, with the underlying physiology involving reprogrammed energy expenditure homeostasis.
Diurnal OXT release correlates with feeding circadian patterns and body weight. We subsequently explored the potential hypothalamic basis for the observations shown in Fig. 1 . Our attention was directed to the PVN because it represents the converging site that integrates the metabolic regulatory neurons in the arcuate nucleus (3, 18) and the circadian pacemaker neurons in the suprachiasmatic nucleus (23, 49) . Although diurnal rhythmicity of several PVN neuropeptides, such as vasopressin, thyrotropin-releasing hormone, corticotropin-releasing factor, and somatostatin, were documented in the literature (5, 21, 22, 24) , the primary actions of these neuropeptides are to control various physiological activities other than feeding. Interestingly, we found that OXT, a PVN neuropeptide that we recently found to critically regulate feeding and body weight (56) , exhibited diurnal rhythmicity in mice. The circulating concentrations of OXT in chow-fed mice displayed a rapid daytime rise and a gradual nighttime decline ( Fig. 2A) . The diurnal pattern of OXT change was correlated with the Adult male C57BL/6 mice received HFD vs. chow feeding from an adult age (ϳ10 wk) for 12 wk and then were measured for 24-h profile of serum OXT levels (A) or ex vivo OXT release under basal and depolarization (KCl) conditions as described in MATERIALS AND METHODS (B). *P Ͻ 0.05; n ϭ 8 -10 (A) and n ϭ 6-7 (B) mice/group. Error bars represent means Ϯ SE. Statistics in A indicate the comparisons between HFD-fed mice and chow-fed mice at the matched time points.
low-level daytime feeding vs. the high-level nighttime feeding activity in mice (Fig. 1A) . This finding fits well with our recent study showing that OXT acts in the brain to restrict food intake and promote energy expenditure (56) . In contrast, the diurnal rhythmic change of OXT was abolished in mice with HFDinduced obesity ( Fig. 2A) . Specifically, chronic HFD feeding abrogated the daytime rise of circulating OXT levels ( Fig. 2A) . To determine whether the abrogation of circadian OXT fluctuation was caused by a defect of daytime OXT release or nighttime OXT clearance, we examined ex vivo OXT release from PVN slices prepared from mice killed at midday vs. midnight. As shown in Fig. 2B , depolarization-induced hypothalamic OXT release was active during the daytime but completely absent during the nighttime in chow-fed mice. However, in mice with HFD-induced obesity, depolarization was unable to stimulate either daytime or nighttime hypothalamic OXT release (Fig. 2B) . Altogether, diurnal OXT release is correlated with a feeding circadian pattern to control body weight balance, and loss of the diurnal OXT release rhythm by HFD feeding underlies feeding circadian arrhythmicity and obesity development.
Central OXT delivery normalizes feeding circadian rhythm to counteract obesity. Having shown that daytime OXT release and the associated daytime caloric intake are critical factors in preventing obesity in mice, we next investigated the brain mechanism by which the daytime fraction of OXT contributes to the circadian regulation of feeding and body weight. To address this question, we first applied ϳ12 wk HFD feeding to C57BL/6 mice to induce obesity. Following the development of HFD-induced obesity, mice received intrathird ventricle injection of OXT at the beginning of daytime or nighttime. As we previously observed (56), the effect of OXT injection on food intake lasted ϳ6 h, so we were able to specifically control daytime vs. nighttime feeding of mice by daytime vs. nighttime OXT injection (Fig. 3, A and B) . Although total 24-h caloric intake was reduced similarly between daytime vs. nighttime OXT treatment groups (Fig. 3C) , the daytime-to-nighttime ratio of feeding was affected differentially by different OXT treatments, specifically, it was decreased by daytime OXT treatment but increased by nighttime OXT treatment (Fig. 3D) . Such diurnal rhythmic change of feeding mimicked the model of scheduled feeding shown in Fig. 1 . Similar to the effect of scheduled feeding, we found that daytime OXT administration exerted stronger anti-obesity effect compared with nighttime OXT administration (Fig. 3, E-G) . We also observed that energy expenditure of mice was increased by daytime but not nighttime OXT treatment (Fig. 3, H and I) , which further explains the potentiated anti-obesity effect of daytime OXT treatment. Taken together, OXT can act in the brain to affect the diurnal ratio of caloric intake and thereby readjusts the set point of energy expenditure to counteract against obesity.
Central delivery of OVT disrupts feeding circadian rhythm to promote obesity. In addition to OXT gain-of-function experiments above, we tested whether blocking the brain action of OXT could have opposite metabolic effects. To do this, OVT, an effective antagonist of OXT (56), was delivered to the brain of chow-fed mice via the third ventricle at the beginning of daytime vs. nighttime. First, total caloric intake was similarly although slightly elevated by daytime vs. nighttime OVT treatment (Fig. 4, A-C) . Importantly, the daytime-to-nighttime Fig. 3 . Central OXT delivery normalizes feeding circadian rhythm to counteract obesity. Adult male C57BL/6 mice received HFD feeding from an adult age (ϳ10 wk) for 12 wk. Subsequently, mice with matched body weight were subdivided into 3 groups to receive the following treatments. The group designated as "OXT, day injection (inj)" received OXT injection at the beginning of daytime and vehicle injection at the beginning of nighttime (n). The group designated as "OXT, night injection (inj)" received OXT injection at the beginning of nighttime and vehicle at the beginning of daytime. A matched control group received vehicle injection at the beginning of both daytime and nighttime. Mice received these treatments on a daily basis for 1 wk. During these treatments, mice continued to be maintained on HFD feeding. A-D: accumulated weekly daytime caloric intake (A), nighttime caloric intake (B), total caloric intake (C), and the diurnal ratio of feeding (daytime caloric intake divided by nighttime caloric intake) (D) were obtained from these mouse groups. E-I: body wt (E), fat vs. lean mass measured by MRI (F and G), and oxygen consumption measured by metabolic chambers (H and I) were obtained at the end of the 1-wk treatment. Data on oxygen consumption shown in H and I were corrected based on the lean mass of mice. A-I: *P Ͻ 0.05 and **P Ͻ 0.01; n ϭ 5-6 (A-G) and n ϭ 4 (H and I) mice/group. Error bars represent means Ϯ SE. ratio of feeding was increased significantly by daytime but not nighttime OVT treatment (Fig. 4D) , partially mirroring the observations from daytime vs. nighttime OXT treatment shown in Fig. 3 . Notably, daytime OVT treatment significantly increased body weight and fat mass; however, these effects were not evident in the nighttime OVT treatment group (Fig. 4,  E-G) . Also, while mice receiving daytime OVT injection showed a reduction in energy expenditure, mice with nighttime OVT injection did not (Fig. 4, H and I) . Overall, these findings further support the hypothesis that diurnal rhythmicity of feeding is critical for maintenance of normal body weight balance and prevention against obesity development.
Peripheral OXT administration stimulates OXT release in the PVN. In conjunction with the studies employing brain OXT injection, we examined whether alternative peripheral OXT administration could have metabolic effects via the central nervous system. To answer this question, we injected OXT vs. control vehicle (saline) intraperitoneally in normal chow-fed C57BL/6 mice. Using c-Fos induction as a neuronal activity marker, we examined if peripheral OXT delivery could potentially activate some brain neurons. Data revealed that a single intraperitoneal injection of OXT markedly induced c-Fos expression in magnocellular and parvocellular OXT neurons within the PVN (Fig. 5, A-C) , indicating that peripheral OXT treatment can stimulate OXT neurons in the PVN. To test the functional significance of this activation, we performed ex vivo OXT release assay using PVN slices prepared from mice that had received intraperitoneal injection of OXT vs. saline. Results showed that OXT release in the PVN was enhanced significantly by peripheral OXT injection compared with vehicle injection (Fig. 5D ). To summarize, peripheral OXT treatment can stimulate the neuronal activity and neuropeptide release of OXT neurons in the PVN. This finding can suggest a useful strategy to manipulate central OXT actions via peripheral OXT injection. Such a strategy may be clinically significant since intranasal delivery of OXT has been recently proven successful in treating neurological diseases such as autism (27) .
Peripheral OXT treatment activates brain neural pathway downstream of OXT. Based on the results that peripheral OXT can stimulate hypothalamic OXT release (Fig. 5) , we further asked whether peripheral OXT delivery can mimic the central action of OXT to activate OXT-targeting neurons in the brain. OXT-targeting neurons are widely distributed in the brain, and two major regions that are directly innervated by OXT neurons are the ventral medial nucleus in the hypothalamus (VMH) (48, 55) and the nucleus of solitary tract (NTS) in the brain stem (32) . Using c-Fos induction to report neuronal activation, we found that a significant portion of neurons in the VMH and NTS was activated by peripheral OXT injection (Fig. 6, A-C) . For control purposes, we also examined a few other brain regions, such as the dorsal medial nucleus in the hypothalamus, which has no neural connections with OXT neurons, and found no induction of c-Fos in these regions by peripheral OXT treatment (data not shown). Thus, the activation of OXTtargeting neurons was not a nonspecific reaction to peripheral drug delivery. In summary, by enhancing central OXT release, peripheral OXT delivery can reproduce, at least partially, the biological effects of central OXT action.
Counteracting peripheral OXT distorts feeding circadian rhythm to promote obesity. Subsequently, we asked if the endogenous peripheral OXT has physiological significance in maintaining diurnal feeding rhythm and body weight balance. To answer this question, we performed intraperitoneal injec- ]vasotocin (OVT) disrupts feeding circadian rhythm to promote obesity. Normal chow-fed, adult (ϳ12 wk old) male C57BL/6 mice with matched body weight were subdivided into the 3 groups described in the legend for Fig. 3 . During these treatments, mice continued to be maintained on chow feeding. A-D: accumulated weekly daytime caloric intake (A), nighttime caloric intake (B), total caloric intake (C), and the diurnal ratio of feeding (daytime caloric intake divided by nighttime caloric intake) (D) were obtained from these mouse groups. E-I: body wt (E), fat vs. lean mass measured by MRI (F and G), and oxygen consumption measured by metabolic chambers (H and I) were obtained at the end of the 1-wk treatment. Data on oxygen consumption shown in H and I were corrected based on the lean mass of mice. A-I: *P Ͻ 0.05; n ϭ 5-9 (A-G) and n ϭ 4 (H and I) mice/group. Error bars represent means Ϯ SE. tion of OXT antagonist OVT or control vehicle to body weight-matched, chow-fed C57BL/6 mice. Injection was given at the beginning of the daytime period. As shown in Fig. 7, A and B, OVT significantly increased daytime but not nighttime caloric intake. The 24-h total caloric intake was only slightly altered, but the ratio of daytime to nighttime food intake was elevated significantly (Fig. 7C) . Thus, peripheral OVT injection partially recapitulated the changes of feeding circadian pattern in response to central OVT injection, as shown in Fig.  4 . Similar to the obesogenic effect of central OVT injection (Fig. 4E) , mice receiving peripheral OVT treatment gained more body weight compared with vehicle treatment (Fig. 7D) . These data further confirmed that the resting-stage caloric profile determines the circadian homeostasis of feeding and body weight control, and the underlying regulatory mechanism is the circadian programming of the central-peripheral OXT axis.
Peripheral OXT treatment normalizes the feeding circadian pattern to counteract obesity. Finally, we examined if peripheral administration of OXT can mimic central OXT treatment to normalize the feeding circadian pattern and therefore counteract obesity. HFD-fed, adult C57BL/6 mice received intraperitoneal injection of OXT vs. control vehicle at the beginning of daytime on a daily basis for 6 wk. Results showed that OXT administration significantly reduced daytime but not nighttime caloric intake (Fig. 8, A and B) . Thus, despite the HFD feeding, peripheral OXT treatment normalized the feeding circadian rhythm compared with vehicle treatment (Fig. 8C) . Over a 6-wk follow-up period, OXT-injected mice showed a significant protection against HFD-induced obesity (Fig. 8D) . In addition to body weight monitoring, mice were subjected to a glucose tolerance test at the end of the 6-wk treatment period. As shown in Fig. 8E , control mice developed glucose intolerance, a major obesity comorbidity that often leads to the development of type 2 diabetes. In contrast, OXT-treated mice showed a decreased extent of glucose intolerance at 30 min postglucose challenge in HFD-fed mice. This observation can lend support to the metabolic benefit of OXT treatment in obesity control.
DISCUSSION
OXT-directed resting-stage feeding mediates circadian control of body weight balance. The 24-h rotation of the earth generates daily circadian rhythms. To maintain a healthy body weight, living organisms have evolutionally developed a strategy to synchronize levels of caloric intake with the day-night cycle and the concurrent physical activity-resting cycle. In this study, we discovered that circadian release of OXT from the hypothalamic PVN directs hypothalamic regulation of feeding circadian rhythms to maintain body weight homeostasis. Disturbance of this control system underlies obesity development. Indeed, environmental overnutrition, such as chronic fat-enriched diet, is a major contributor to an impaired circadian release pattern of OXT, leading to altered feeding rhythms and body weight imbalance. However, using pharmacological or nutritional (scheduled feeding) models, we were able to treat HFD-induced body weight changes roughly by 50% through normalizing feeding circadian rhythm even without much change in the total, 24-h caloric intake. More importantly, advancing from recent observations that both caloric excess (26) and caloric shortage (19) impact feeding circadian rhythms, we further proved that the resting stage (daytime for mice, nighttime for humans), the period that is characterized by limited caloric intake and physical activity, is the critical component for controlling feeding circadian rhythms. Our finding is corroborated by previous research showing that a phase delay in eating is associated with obesity despite the relatively normal amount of total 24-h caloric intake (39) . From a medical viewpoint, such phase delay of eating is most often seen in patients with night-eating syndrome, who typically develop morbid obesity and need medicinal or surgical interventions to lose weight (10) . Another human subjectbased study showed that scheduled nighttime meal intake resulted in reduced diet-induced thermogenesis compared with morning meal intake (42) , indicating that energy expenditure status can be entrained by the feeding circadian pattern to cause or prevent obesity. We found that resting-stage release of hypothalamic OXT underlies diurnal feeding rhythmicity to Fig. 7 . Peripheral delivery of OVT distorts feeding circadian rhythm to promote obesity. Chow-fed adult male C57BL/6 mice with matched body weight were divided into two groups to receive ip injection of OVT vs. vehicle at the beginning of daytime on a daily basis for 1 wk. Data shown are accumulated weekly daytime (A) vs. nighttime (B) caloric intake and diurnal ratio of feeding (C) during the 1-wk treatment and body weight (D) following the completion of the 1-wk treatment. *P Ͻ 0.05; n ϭ 5-7/group. Error bars represent means Ϯ SE. Fig. 8 . Peripheral delivery of OXT normalizes feeding circadian pattern to counteract obesity. Adult male C57BL/6 mice received HFD feeding from an adult age (ϳ8 wk) for 6 wk. Subsequently, mice with matched body weight were divided into two groups to receive ip injection of OXT vs. vehicle at the beginning of daytime on a daily basis for 6 wk. Mice continued to be maintained on HFD feeding during the entire treatment period. Data shown are accumulated weekly daytime (A) vs. nighttime (B) caloric intake, the diurnal ratio of feeding (C) and longitudinal follow-up of body wt (D) and glucose tolerance test (GTT) (E) at the completion of the 6-wk treatment. *P Ͻ 0.05; n ϭ 5-8/group. Error bars represent means Ϯ SE. maintain normal body weight. Conversely, impairment of resting-stage hypothalamic OXT release mediates diurnal feeding arrhythmicity to cause obesity. We recognize that several other PVN neuropeptides, such as vasopressin, thyrotropin-releasing hormone, corticotropin-releasing factor, and somatostatin, were known to have diurnal rhythmicity (5, 21, 22, 24) . While the primary actions of these neuropeptides are to control various physiological activities other than feeding, they may secondarily contribute to the action of OXT in the regulation of metabolic rhythmicity. Overall, our data suggest that deviation from the normal circadian eating pattern, a phenomenon prevalent with modern society's lifestyle, is an important risk factor for obesity independent of total daily caloric intake, and the underlying neurobiological basis is disrupted hypothalamic OXT rhythmicity.
Therapeutic potentials of OXT mimetics for obesity and related diseases. OXT is well known for its actions in mediating female reproductive activities during parturition and lactation. However, OXT is similarly abundant in the brain and circulation of males and females, suggesting that OXT has functions beyond female reproduction. Recent literature has linked OXT to promoting social behaviors (15) and anxiolytic effects (30) . More recently, we have reported that OXT can act in the brain to restrict food intake and promote energy expenditure in mice (56) . Importantly, these metabolic effects of central OXT treatment did not cause adverse behavioral changes, rationalizing OXT as an ideal candidate as an antiobesity therapeutic (56) . In this context, the current research aimed to gain further mechanistic understanding of central OXT actions in metabolic regulation. We discovered that brain OXT employs a circadian system to control the diurnal feeding pattern and body weight balance. This metabolic regulation by OXT is in line with the recent appreciation that obesity can result from circadian arrhythmicity (50) . It is also well supported by the obesity phenotype of OXT (6) or OXT receptor (45) knockout mice. As a matter of fact, circadian rhythmicity is a shared feature of many social behaviors recently found to be regulated by OXT (15) , further supporting the circadian component of OXT actions. Our current study demonstrated that central OXT treatment can counteract obesity by normalizing diurnal feeding rhythmicity. This finding can inspire future studies regarding OXT and diseases associated with circadian arrhythmicity. One limitation of our study was that we have not been able to test the potential effects of multiple OXT injections within 24 h or continuous OXT delivery through osmotic minipump. In addition to central administration, this study demonstrated that the peripheral OXT delivery can effectively mimic the central OXT delivery to affect feeding diurnal rhythm, body weight, and obesity. The underlying processes might involve several mechanisms. First, a portion of the peripherally delivered OXT may cross the blood-brain barrier. According to the literature (33), peripheral OXT injection at pharmacological doses can deliver a small fraction of OXT in the central nervous system across the blood-brain barrier, and, even though the absolute transferred amount was small (ϳ0.002%), it transiently elevated OXT concentrations in the cerebrospinal fluid by approximately fivefold. Also importantly, we found in the current study that exogenously provided OXT further promoted hypothalamic OXT release presumably via the autocrine feedforward system of OXT neurons, which was also indicated by observations in the literature (36, 46) . Second, peripherally injected OXT might employ afferent neural pathway(s) to activate various brain regions, including the hypothalamic OXT neurons, resulting in elevated OXT release from OXT neurons. Regardless of the underlying mechanisms, our data showed that peripherally delivered OXT indeed upregulated OXT release by OXT neurons in the PVN in mice. Overall, while native OXT does have limitations for direct use in patients with obesity, such as the short half-life and possible off-target effects, our study can provide a preclinical basis for next-step development of OXT analogs with optimized pharmacological properties and target actions as an approach for treating human obesity or related diseases.
